We propose a scheme to generate intense, ultrafast mid-infrared pulses with conversion efficiencies exceeding the upper bound for single-stage difference-frequency mixing as predicted by the Manley-Rowe relations. Finite-element fast Fourier transform simulations of the mixing process show that the parametric cascade downconverter generates 1.7 times more photons (at 10 m) than in the initial pump pulse (center wavelength of 1.48 m, duration of 130 fs, and pulse energy of 50 J), with negligible pulse spatial and temporal distortion. © 2006 Optical Society of America OCIS codes: 190.2620, 190.4970, 320.7160, 320.7110. Intense and ultrafast optical pulses (durations typically 100 fs or less) are a powerful tool in the fields of nonlinear spectroscopy and ultrafast dynamics. Pulses centered at wavelengths in the mid-infrared (MIR) are well suited to the resonant study of many systems from intersubband transitions in quantum wells to vibrational transitions in molecules. Peak intensities exceeding TW͞cm 2 allow strong field interaction, providing novel ways of controlling a system and studying its nonequilibrium properties. 1,2 Research in this field has been impeded due to a lack of optical sources that directly produce ultrafast intense pulses at long wavelengths. One technique that has provided important results is MIR generation through nonlinear difference-frequency mixing (DFM) starting from intense ultrafast pulses in the near infrared ͑800 nm͒. Recent results that produce intense pulses at kilohertz repetition rates have demonstrated wavelength tuning up to 20 m, pulse durations around 100 fs, and pulse energies of more than 2 J at 10 m. [3] [4] [5] [6] [7] Improving DFM MIR power conversion efficiency is constrained by the basic limitation quantified by the Manley-Rowe relations, 8 which show that the number of photons output at MIR wavelengths cannot exceed the number of pump photons input; the uppermost quantum efficiency (QE) of the DFM process is 100%. 9 The beams involved in DFM are classified pump, signal, and MIR in order of increasing wavelength. If we define DFM power conversion efficiency (PE) as MIR output power divided by input pump power, PE will always be lower than QE by
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where PU and MIR are the wavelengths of the pump and MIR beams, respectively. For example, the upper limit on 10 m generation from a 1480 nm pump beam is 14.8%. In practice, even this limit cannot be reached since 100% QE cannot be achieved. A simple one-dimensional solution to Maxwell's equations shows that pump depletion is followed by sumfrequency mixing (SFM) in which energy transfers back to the pump beam. 8 In the full threedimensional case, the flow of energy is more complicated since different spatial and spectral sections of the pulse have different intensities and thus experience conversion at different rates: one part of the pulse could experience DFM while another is undergoing SFM. No single crystal length would result in 100% conversion. In most cases it is not desirable to approach high conversion efficiency due to the onset of severe pulse degradation. The high conversion is accompanied by pulse reshaping in the temporal, spectral, and spatial domains, making the resulting MIR pulses far from Gaussian in spectrum and shape and difficult to use. Overcoming the Manley-Rowe limitation requires extending the mixing scheme to multiple stages. Previous research with long duration pulses (100 ps or more) has made use of two stages in an intracavity geometry to achieve greater than 100% photon conversion. 10 12 in which intersubband electrons are reused at each cascade stage to amplify the coherent terahertz beam. The proposed device can be thought of as a parametric cascade downconverter (PCD), in which each cascade stage (DFM crystal) results in the generation of a lower-photon-energy beam (to be used later) and amplification of the coherent MIR beam. We show that the power conversion efficiency of a practical PCD exceeds the theoretical upper bound of a single stage. In addition, the design can make use of multiple passes through the same DFM stage to reduce cost and complexity. Straightforward implementation is possible only since MIR DFM generation happens over a wavelength range in which the crystals can compensate for group velocity walk-off.
Generation of intense MIR through DFM is plagued by many technical difficulties. An appropriate DFM crystal must have a high nonlinear coefficient, high damage threshold, refractive indices that allow phase matching over the desired tuning range, negligible linear absorption of all beams, negligible two-photon absorption of both pump and signal beams, and sufficiently low group-velocity mismatch and spatial walk-off to allow useful interaction lengths. Reviews comparing the properties of different crystals detail advantages and disadvantages of different systems, 4, 5 and new crystals continue to be developed and optimized. Once appropriate phasematching conditions are met, the key requirement in crystal selection is a transparency range starting below the MIR photon energy and exceeding twice the photon energy of the pump beam (to avoid two-photon absorption). An assortment of commercially available crystals, such as GaSe, AgGaS 2 , and AgGaSe 2 , meet this requirement for pump wavelengths longer than 1000-1420 nm. An optical parametric amplifier (OPA) pumped by a regenerative amplified titaniumdoped sapphire oscillator produces beams in this wavelength range. It is particularly well suited to DFM since it outputs two synchronous pulses separated in frequency by a controllable amount ͑0 to Ͼ170 THz͒ 13 ; thus DFM results in an easily tunable MIR beam over a very large wavelength range limited only by nonlinear crystal properties. OPA pulse energies routinely exceed 100 J with 100 fs duration, 13 and subsequent DFM can result in very high quantum conversion efficiency into MIR. For example, Rotermund and co-workers reported internal quantum efficiencies from 30% to 80% over the MIR wavelength range of 4 -12 m through DFM in AgGaS 2 and HgGa 2 S 4 . 3 The MIR generation is accompanied by large signal power amplification that is often not documented. Figure 1 , recorded using the source described previously, 6 provides a typical result for the nonlinear crystal GaSe. The spectrum of the signal beam after passing through the 1.0 mm GaSe crystal (type II phase matching) is shown with and without the pump beam (wavelength of 1.49 m, pulse energy of 69 J, pulse duration of 130 fs, and spot size of 1.5 mm) present in the crystal. Average power amplification is 71%. In most MIR generation schemes, the amplified signal beam is discarded after the DFM stage even though it often contains more power than the initial pump beam. The PCD exploits this beam and subsequent signal beams to their full advantage to improve MIR power. Figure 2 outlines the PCD in its most general form. The beams are labeled according to their frequencies, with P and P Ϫ MIR being the frequencies of the initial pump and signal beams from the OPA and MIR being the frequency of the MIR beam. Each stage exploits the signal beam of the previous stage to amplify the MIR beam, so that the pump frequency decreases by the MIR frequency in each stage. There is a finite limit to the number of stages ͑ P div MIR ͒ since only positive frequencies can be considered. Care must be taken at each stage to ensure proper phase matching and temporal and spatial overlap of the pulses. This will be considered in detail below. It is interesting to calculate the power conversion efficiency possible for the PCD in a specific case: pump, signal, and MIR beams at wavelengths of 1.48, 1.74, and 10 m, respectively. For a single DFM stage with f quantum conversion efficiency, the power conversion efficiency is 0.148f. The corresponding PCD would have six stages and, with a QE at every stage of f, the ideal overall PE is
Here we have assumed that the initial signal beam has the same number of photons as the initial pump beam, as expected from the Manley-Rowe relations that also govern the DFM process in the OPA. The ratio of PE for the PCD compared to a single DFM stage can be written as
Equation (3) and similar expressions for 5 and 15 m generation are shown in Fig. 3 . Even for low quantum efficiencies, the PCD provides more than twice the power output from a single DFM stage. As expected, the improvements in MIR increase as a function of MIR wavelength but with the added complexity of additional cascade stages. It is interesting to note the required value of QE for MIR output power to match the pump input power. For 10 m generation, this occurs when f ϭ 0.85, a value that is likely difficult to attain in practice without serious pulse reshaping. A more realizable benchmark is the QE value required for the PCD to match the output of a single-stage DFM with 100% QE. This corresponds to the upper limit predicted by the Manley-Rowe relations but requires a quantum conversion efficiency of only 0.33 in the PCD (for 10 m generation).
Although the above analysis suggests that MIR output can exceed the Manley-Rowe upper limit, it assumes that a constant QE (f) can be achieved at every stage. We require a more detailed analysis including effects from group-velocity walk-off, spatial walk-off, reflection losses, chirp, and phase matching. The key problem in PCD design is maintaining phase matching and overlap between all relevant pulses at every cascade stage. The feasibility of a sequence of nonlinear crystals interspersed with dispersion and polarization control optics is questionable. To reduce complexity, costs, and footprint, we propose a PCD setup that uses multiple passes through a single pair of crystals (Fig. 4) . The crystals, AgGaS 2 and AgGaSe 2 , were chosen for their widespread commercial availability, low reflection loss when properly coated ͑1%-3%͒, and complementary dispersion properties that provide compensation for temporal pulse walk-off in MIR generation. The latter is a key point: Without the ability to compensate each other for temporal walk-off, the generation process would be much less efficient and the output pulse broadened in time. By using a combination of type I and type II phase matching, no polarization rotation is required between stages. Table 1 lists the wavelengths of each stage along with beam polarizations and phasematching angles. Only a total of four cascade stages are used since the two final stages would provide only a small improvement in MIR power with considerable additional technical difficulty. Table 1 indicates the optimum phase-matching angle for conversion. 14, 15 With the phase-matching schemes employed, the mirrors provide sufficient control to allow to be set to the new phase-matching angle for both stages 3 and 4 with only a small deviation from optimum . The sacrifice to amplification is small since the effective nonlinearity is only weakly dependent on ͑cos 2͒. We also note that amplification sensitivity to the stage 4 phase-matching angle is quite low since this stage has a wide acceptance angle 16 (20°f or a crystal length of 0.35 mm) that is considerably larger than the 5.5°difference in phase-matching angles from stage 2.
To provide a quantitative analysis of this implementation, we employed a numerical simulation using a split-step fast Fourier transform analysis for each cascade stage. 15 Various initial input pulse energies with a common spot size of 1 mm FWHM and a duration of 130 fs FWHM were tested. The beams output from each DFM crystal are used as the input beams for the subsequent crystal (in terms of pulse energy, spot size, pulse duration, pulse delay, and linear frequency chirp). Spatial walk-off effects are negligible for these spot sizes and thin crystals. We included crystal reflection losses (3%͞surface), crystal linear absorption, and imperfect mirrors (reflectivity of 0.99) in the simulation. The crystal lengths are chosen to provide appropriate amplification and new pump generation. The numerical results as a function of input pump energy are shown in Fig. 5 for crystal lengths of 1.0 and 0.35 mm for the AgGaS 2 and AgGaSe 2 crystals, respectively. Also shown in Fig. 5 is the upper limit of output power for a single DFM stage, assuming no losses and 100% quantum conversion efficiency. This limit is exceeded at relatively modest input pulse energies. The 13.3 J output pulse energy for 50 J input ͑27% PE) was produced with only a small increase in pulse duration (145 fs FWHM) and is 80% greater than the upper limit set by Manley-Rowe. For greater input pulse energies, the PE approaches a plateau of 30% but with the loss of some pulse quality (155 fs pulse duration and M 2 of 1.1 for 75 J input pulse energy). The spot size of 1.0 mm was chosen for its ease of use since no focusing or collection optics are required with beams with such long Rayleigh ranges. In practice, the user could employ a telescope before the PCD to adjust the spot size to maximize conversion and achieve better results than those indicated in Fig. 5 for low input pulse energies.
The PCD produces MIR as well as a series of other beams at frequencies separated by the MIR frequency. SFM between these beams must be avoided to avoid depletion of the MIR beam. Phase-matching restrictions clearly prevent most possible cases of unwanted mixing, but there are still two instances that must be considered. Undepleted pump from stage 1 and stage 2 can undergo SFM in stages 3 and 4, respectively. SFM in both cases is guarded against by the introduction of a filter (Fig. 4) that blocks the 1.48 and 1.74 m beams but allows the 2.11 m and MIR beams through with little loss. An antireflectioncoated small bandgap semiconductor, such as InGaAs, would achieve the desired result. An alternative solution would be use of a material that delays the 1.48 and 1.74 m pulses to avoid temporal overlap after a second pass. This might be of interest for studies that require several beams of different frequencies.
We have shown a simple scheme that allows MIR conversion efficiency greater than the upper bound set by the Manley-Rowe relations for single-stage downconversion while avoiding pulse quality degradation. In theory, the power output of the PCD can match the input pump power. We have proposed a simple PCD implementation using two passes through two nonlinear crystals for the generation of 10 m light. The crystals serve as sites for nonlinear mixing and also compensate for each other's linear dispersive properties. Numerical simulations indicate that the Manley-Rowe limit for MIR generation can be easily exceeded with negligible reshaping. Advantages of this scheme are even more pronounced for longer MIR generation. For example, the Manley-Rowe relations show that power conversion efficiency in the generation of 1 THz light through optical rectification of 800 nm light is less than 0.3%. In theory, a properly designed PCD for 1 THz generation could exceed this by 1 or 2 orders of magnitude, but there are serious material issues that would need to be resolved before a terahertz PCD could be achieved.
